In this study we first clone nlz2, a second zebrafish member of the nlz-related zinc-finger gene family. nlz2 is expressed together with nlz1 in a broad posterior domain during gastrula stages, as well as at the midbrain-hindbrain boundary and in the hindbrain caudal to rhombomere 4 during segmentation. nlz2 is also expressed in regions distinct from nlz1, notably in the forebrain, midbrain and trunk. Misexpression of nlz2 in zebrafish embryos disrupts gene expression in the rostral hindbrain, similar to the effect of misexpressing nlz1. We next compare the nlz1 and nlz2 sequences to identify and characterize domains conserved within this family. We find a Cterminal domain required for nuclear localization and two conserved domains (the Sp motif and a putative C 2 H 2 zinc finger) required for nlz1 function. We also demonstrate that Nlz1 selfassociates via its C-terminus, interacts with Nlz2 and binds to histone deacetylases. Lastly, we find two forms of Nlz1 generated from alternative translation initiation sites in vivo. These forms have distinct activities, apparently depending on function of the N-terminal Sp motif. Our data demonstrate that nlz2 functions similarly to nlz1 and define conserved domains essential for nuclear localization, self-association and corepressor binding in this novel family of zinc-finger genes.
INTRODUCTION
nlz (herein referred to as nlz1) was recently identified as a member of a novel subfamily of zincfinger genes (1, 2) . We have demonstrated that nlz1 functions to control segmental gene expression in the zebrafish hindbrain and likely represses transcription by recruiting the corepressor Groucho (3) . Sequence similarities between members of this zinc-finger subfamily suggest that their functions are evolutionarily conserved and the nlz-related genes nocA, elbow and tlp-1 regulate embryonic development in Drosophila (4, 5) and C. elegans (6) . Homozygous elbow and nocA mutants exhibit defects in tracheal development, particularly stalled and aberrant migration of the dorsal branch and lateral trunks of the trachea (5) . Conversely, misexpression of elbow in the trachea results in the repression of genes expressed in the visceral branch and dorsal trunk while the number of cells forming the dorsal branch increases (5) . Homozygous nocA mutants also display brain abnormalities such as protrusion of the embryonic supraesophageal ganglion and a reduction of ocelli (4) . Mutations in tlp-1 affect specification of asymmetric cell fates and cell fusion resulting in abnormal tail morphogenesis in C. elegans (6) . This family also includes two hypothetical proteins each in mouse and human, which have not yet been functionally characterized (1, 3, 5) . and glutamine-rich regions. While some of these domains are essential for Sp1 function, their specific roles are not known and it is not clear what role they may play in Nlz family proteins.
We recently reported the presence of a second gene in this family (nlz2) in the zebrafish EST database (3) . We have now cloned nlz2 and find high homology between nlz1 and nlz2. In particular, the Sp motif, the Btd box and the putative C 2 H 2 zinc finger are all conserved. We find that nlz2 is expressed together with nlz1 in a broad dorsoposterior domain in the zebrafish gastrula. During segmentation, nlz1 and nlz2 are co-expressed at the midbrain-hindbrain boundary, but the nlz2 expression pattern also diverges from that of nlz1. In particular, although nlz1 and nlz2 are both expressed in the caudal hindbrain, nlz2 expression never expands rostral to the rhombomere (r) 5 segment while nlz1 expression encompasses most of the hindbrain up to the r2 segment. Additionally, nlz2 is expressed in the forebrain, where nlz1 expression is never observed. We find that misexpression of nlz2 in zebrafish embryos results in loss of r3 gene expression in the hindbrain, similar to the effect of nlz1 misexpression (3) . We next tested the function of domains conserved among members of the Nlz family. We find that nuclear localization of both Nlz2 and Nlz1 depends on an intact C-terminus and that nuclear localization is required for optimal function. We demonstrate that Nlz1 binds Nlz2 and histone deacetylases (HDACs) and we find that Nlz1 self-associates, although self-association does not appear essential for function. Western blot analysis of endogenous Nlz1 revealed two forms, apparently generated by the use of alternative translation start sites. Further analyses determined that the two forms of Nlz1 have distinct activities in vivo and demonstrated that an N-terminal domain, shared with the Sp1 family of transcription factors, regulates Nlz1 function. Our results characterize a new member of the Nlz subfamily of zinc finger proteins and define functionally important domains in this subfamily. 
EXPERIMENTAL PROCEDURES

RT-PCR and Cloning
RNA was extracted from 10-hour stage embryos using the ToTally RNA Isolation Kit (Ambion).
cDNA was synthesized with Superscript II Reverse Transcriptase (Gibco BRL) according to the manufacturer's instructions. The coding region of nlz2 was amplified with primers 5'-CCGCTCGAGAGATCTATGATCACATCGCCCTC-3' and 5'-TGCTCTAGACAATCACTGGTATCCAAGCG-3' from cDNA using the Expand High Fidelity PCR System (Roche) according to the manufacturer's instructions. The amplified nlz2 product was purified using the QIAquick PCR Purification Kit (Qiagen), digested with XhoI and XbaI and subcloned into the same sites of pCS2+MT. The sequence of nlz2 was submitted to Genbank as accession# AY371081. The nlz2 construct was then digested with HindIII and XbaI and the coding region (including the myc epitope tags) was subcloned into the same sites of hsp70+NLS+MT. The hsp70:nlz1 construct was generated by excising the nlz1 coding region (including the myc epitope tags) with HindIII and NotI and subcloned by utilizing the same sites in hsp70+NLS+MT. Nlz1 deletions constructs were generated as described previously (3) or by standard molecular biology cloning techniques into the pCS2+, pCS2+MT or pCS2+NLS+MT
vectors. The N-terminus of grg3 (nucleotides# 1-795 of the open reading frame) was amplified with primers 5'-TAGAATTCAATGTATCCGCAGGGCCGGCAT-3' and 5'-GAAGGCCTCTCGTTGGACACATCCACCAC-3' from cDNA, digested with EcoRI and StuI and subcloned into the same sites in pCS2+.
In situ hybridization and immunostaining
Whole-and flat-mount in situ hybridizations using digoxigenin-or fluorescein-labeled antisense RNA probes was performed as described (3, 8) including a probe containing 1149 nucleotides of the nlz2 coding region (synthesized from the EST fc59b07.y1, whose sequence was cloned into the NotI and SalI sites of the pSPORT1 vector). Fluorescent immunostaining was performed as described (3, 9) .
Embryo injections
Synthesis and injection of capped mRNA encoding nlz deletion constructs was performed as described (3) . Embryos were also injected with the following DNA constructs: hsp70:nlz2, hsp70:nlz1 or hsp70:GFP, whose coding region is under the control of a heat shock-inducible promoter, at the 1-2 cell stage, heat-shocked at 70% epiboly (~7.5 hpf) for one hour at 37 o C and fixed at the 10-somite stage (14 hpf).
GST pull-down and Western analysis
GST:Nlz1 was constructed by excising the nlz1 coding region from pCS2+MT:nlz1 with EcoRI and NotI and subcloned into the pGEX-6P-3 vector (Pharmacia) by utilizing the same restriction sites. The GST:Nlz1 fusion protein was expressed in BL21 cells (Pharmacia) for 16 hours at room temperature by the addition of 0.5 mM IPTG. The bacteria were lysed and GST:Nlz1 protein was purified using a GST Purification Module (Pharmacia) according to the manufacturers instructions. Nlz1 constructs were in vitro labeled with 35 S-methionine using the TnT SP6 Coupled Reticulocyte Lysate System (Promega). GST pull-downs were performed as described (3) .
RESULTS
Nlz2 is related to and functions similarly to Nlz1
Nlz2 and Nlz1 share conserved domains
We have previously reported that an nlz1-related sequence, nlz2, can be assembled from a series of ESTs (3) . Since none of these ESTs contain the entire nlz2 open reading frame, we cloned nlz2 from mid-gastrula zebrafish cDNA (see methods). Sequence analysis demonstrated that Nlz2 exhibits 55.3% identity to Nlz1 and that these proteins are distantly related to Sp1-family proteins. Nlz1, Nlz2 and Sp1-family proteins also share several conserved domains (Fig. 1 ).
These include the Sp motif (a short N-terminal region found in the vertebrate Sp1-like family of transcription factors) (3, 6) , the Buttonhead (Btd) box (an eight-to eleven-amino acid motif that we initially identified as a potential zinc finger (3), but which more closely resembles a domain from Drosophila Buttonhead) (10), a putative C 2 H 2 zinc-finger (11) (12) (13) , and serine/threonine-rich regions (14) .
nlz2 is co-expressed with nlz1 at gastrula stages, but expression diverges by segmentation stages
In situ hybridization analysis on zebrafish embryos revealed nlz2 mRNA early and throughout the blastomeres ( Fig. 2A,B) suggesting that it is maternally deposited. At early gastrula stages, nlz2 is co-expressed with nlz1 near the blastoderm margin with a gap in the dorsal midline ( Fig.   2C ) that is closed at mid-gastrula stages (Fig. 2D) . At late-gastrula stages, nlz2 is expressed in a broad posterior domain (Fig. 2E ), similarly to nlz1 (3). At early segmentation stages (11 hpf), nlz2 is expressed in the forebrain, the posterior hindbrain caudal to rhombomere (r) 4 ( Fig. 2F,K) and expression extends throughout the whole length of the trunk (not shown). By the 3-somite stage (12 hpf), nlz2 expression is initiated in the midbrain-hindbrain boundary (MHB; Fig. 2G ).
At this stage, expression of nlz2 in the forebrain also appears to expand (Fig. 2G,L) . At the 10-somite stage (14 hpf), nlz2 expression is maintained in the forebrain, the caudal hindbrain and the trunk, with expression in the MHB broadening anteriorly to encompass the midbrain (Fig.   2H ). By the 14-somite stage (16 hpf), nlz2 expression in the midbrain is reduced and expression in the forebrain extends to the optic primordium (Fig. 2I) . At the 22-somite stage (20 hpf), nlz2 expression persists in above-mentioned regions including the optic stalk (Fig. 2J ). In conclusion,
we find that nlz2 is expressed similar to nlz1 in the caudal hindbrain (although nlz2 never extends rostrally to r5) and the MHB, however it is also expressed in the forebrain, midbrain and trunk.
nlz2 has similar activity to nlz1
We have reported that misexpression of nlz1 in zebrafish embryos disrupts gene expression in the rostral hindbrain (3). We next sought to determine if nlz2 has a similar function. Since injecting nlz2 mRNA did not give high level expression of Nlz2 protein, likely due to the mRNA being unstable, we instead misexpressed nlz2 under control of a heat shock-inducible promoter (hsp70). Embryos were injected at the 1-to 2-cell-stage with either hsp70:nlz2, hsp70:nlz1 or hsp70:GFP, heat-shocked at 70% epiboly (~7.5 hpf) for one hour at 37 o C and fixed at the 10-somite stage (14 hpf). This leads to efficient induction as seen by hsp70:GFP (Fig. 3A) . We then assayed for defects in the rostral hindbrain by in situ analysis for krox20 expression (a marker for r3 and r5 (15)). We find that misexpressing nlz1 under control of the heat shock-inducible promoter represses krox20 in r3, but not in r5 (Fig. 3C , Table 1 ). This phenotype is identical to that observed upon injection of nlz1 mRNA (3), demonstrating that the heat shock-inducible construct works as well as mRNA injections. We find that misexpressing nlz2 results in a similar phenotype ( Fig. 3D , Table 1 ) and conclude that nlz2 has the same ability as nlz1 to disrupt gene expression in the rostral hindbrain.
In vivo structure-function analysis reveals domains essential for Nlz function
The alignment in Figure 1 defines several domains conserved between Nlz1 and Nlz2, and we next set out to define the functional importance of these domains. We elected to perform much of our structure-function analysis in zebrafish embryos since this provides a physiologically relevant environment and the functional analysis can be done rapidly (within 14 hours after mRNA injection).
Nlz1 function requires the C 2 H 2 finger and nuclear translocation via a C-terminal domain.
Nlz1 is a nuclear protein (3), but lacks a consensus nuclear localization signal (NLS), and we therefore set out to define the domain essential for nuclear localization. To this end, we determined the subcellular distribution of a panel of Nlz1 deletion constructs (summarized in Fig. 4 ). Embryos were injected with 800 pg mRNA encoding Myc epitope-tagged Nlz1 deletion constructs at the 1-to 2-cell stage, flat-mounted at early gastrula stage (~5 hpf) and examined for distribution of the Myc-tagged protein by fluorescent immunohistochemistry. We find that cytoplasmic, but Nlz1D23C is nuclear, indicates that amino acids 498-566 are important for nuclear localization of Nlz1. Since Nlz2 shows high homology to Nlz1, we reasoned that the Nlz2 C-terminus might also govern nuclear localization. We find that Nlz2 is indeed a nuclear protein ( Fig. 5C ) and nuclear localization is dependent on an intact C-terminus since an Nlz2D180C construct (that lacks the C-terminal 180 amino acids; not shown) is primarily cytoplasmic (Fig. 5D ). Several stretches of 4-7 amino acids are conserved between Nlz1 and Nlz2 in this region, but these domains do not correspond to motifs known to regulate nuclear localization (not shown).
To determine if Nlz1 function is dependent on nuclear localization, we assayed the function of constructs that localize to the cytoplasm (summarized in Fig. 4 ). Embryos were injected at the 1-to 2-cell-stage with 400 pg mRNA encoding each construct, fixed at the 10-somite stage (14 hpf) and assayed for loss of krox20 expression in r3 (same phenotype as shown in Fig. 3C, D) . We find that Nlz1D92C has reduced activity ( Fig. 4; 19 .7% of injected embryos affected vs. 64.9% for wild-type Nlz1). However, upon addition of a NLS to Nlz1D92C, the frequency of affected embryos becomes comparable to full-length Nlz1 ( Fig. 4 ; 79.4% vs.
64.9%, respectively). This suggests that Nlz1 must reside in the nucleus to be fully active. We also find that Nlz1D173C is likewise inactive (Fig. 4 ; 6.4%) and localizes primarily to the cytoplasm (Fig. 5B) . Interestingly, Nlz1D173C remains inactive even with the addition of a NLS ( Fig. 4 ; <5%), suggesting that amino acids 417-497 are necessary for Nlz1 function.
Accordingly, a construct lacking the C 2 H 2 zinc finger (amino acids 461-492, Nlz1DZF) is less active than full-length Nlz1 (Fig. 4, 19 .7% vs. 64.9%, respectively), although it localizes to the nucleus (not shown and Fig. 4) . We conclude that the C-terminus is required both for nuclear localization (via amino acids 498-566) and for function (via the C 2 H 2 zinc-finger).
nlz1 is co-expressed with a groucho-related gene and associates with class I histone deacetylases
We have demonstrated that Nlz1 associates with the Groucho corepressor in vitro (3). We next used a probe for grg3 (the only zebrafish member of the groucho family isolated to date) (16, 17) to test if groucho-related genes are co-expressed with nlz1 in vivo. We find that grg3 is expressed in the anterior region of the embryo, encompassing the forebrain, the midbrain, and extending into the rostral hindbrain (Fig. 6A, B ). This suggests that Grg3 might interact with Nlz1 in the rostral hindbrain and also raises the possibility that Nlz1 interacts with other corepressors further caudally.
We next tested if Nlz1 binds histone deacetylases (HDACs), corepressors that function by removing acetyl groups from core histones to maintain a transcriptionally silenced chromatin state (18, 19) . Utilizing GST pull-down assays, we find that Nlz1 associates with HDAC1 (not shown) and HDAC2 (Fig. 6C) , two class I HDACs. To determine the region of Nlz1 required for this interaction, we utilized our panel of Nlz1 deletion constructs and tested them for HDAC2 binding in the GST pull-down assay (Fig. 6C) . We find that Nlz1 constructs lacking the Cterminal 173 amino acids exhibit significantly weaker binding to HDAC2 (Fig. 6C, lane 2) . We also find that deletions within the C-terminal 206 amino acids (Fig. 6C, lanes 4-7) or the internal region (amino acids 116-384, not shown) do not affect HDAC2 binding. Instead, deletions of the region between the Btd box and the C 2 H 2 zinc finger (Fig. 6C, lanes 8,9) severely affect HDAC2
binding. We note that this region is also involved in Groucho binding (3) and since Groucho mediates repression by recruiting HDACs (18, 19) , this might point to a synergistic role for
Groucho and HDACs in regulating Nlz1 function.
Nlz1 self-associates and binds to Nlz2
Since the Nlz-related protein Elbow was found to self-associate (5), we used GST pull-down assays to test if Nlz1 self-associates (Fig. 7A ). We find that Nlz1 self-associates efficiently (Fig.   7A, lane 1) . In order to define the domain required for association, we utilized our panel of Nlz1 deletion constructs and tested them in the GST pull-down assay (Fig. 7A, lanes 2 to 10) . We find that Nlz1 self-association is dependent on an intact C-terminus. In particular, deletions within the N-terminus have no effect on association (Fig. 7A, lanes 2, 3) , while deletions within the Cterminus exhibit weaker binding (Fig. 7A , lanes 4-6, 9, 10) except for Nlz1D23C (not shown).
Deletion of either the Btd box or the C 2 H 2 zinc finger alone did not significantly decrease Nlz1 interaction (Fig. 7A, lanes 7 and 8) . Taken together, this suggests that several regions required for self-association are located within the C-terminal half of Nlz1.
To determine if self-association is important for Nlz1 function, we misexpressed Nlz1 deletion constructs that exhibit weaker association (Nlz1D238-384, Nlz1D385-460, Nlz1D408-460, Nlz1D92C and Nlz1D173C) and assayed their ability to disrupt krox20 expression in r3 of the hindbrain (same phenotype as in Fig. 3C , D; data summarized in Fig. 4) . Some of these constructs are as active as full-length Nlz1 (Fig. 4, We also examined if Nlz1 interacts with Nlz2 utilizing GST pull-down assays and find that Nlz2 and Nlz1 do form complexes (Fig. 7B, lane 1) . Since Elbow and NocA are thought to function as a complex in repressing transcription (5), a Nlz1/Nlz2 complex may function in the caudal hindbrain or at the MHB, where nlz1 and nlz2 are co-expressed.
Two forms of Nlz1 with distinct N-termini and disparate activities are present in vivo
Two forms of Nlz1 are present in vivo
Western analysis using polyclonal rabbit antisera raised against full-length Nlz1 revealed two major bands in lysates from gastrula stage embryos (Fig. 8A , lane 1) -a 72 kDa form close to the predicted size for Nlz1 and a lower molecular weight form (62 kDa). We find these two forms in embryo lysates from the 50% epiboly stage (5 hpf) to at least the 10-somite stage (14 hpf) (not shown). We also find that in vitro translation of a plasmid containing the nlz1 cDNA yields the same two forms, but with the smaller form predominating (Fig. 8A, lane 2) . We conclude that two forms of Nlz1 are present in vivo and can be generated from the same cDNA.
Alternative translation initiation sites generate the two forms of Nlz1
We reasoned that the two forms of Nlz1 might be the result of translation initiating from two distinct start sites in the nlz1 transcript, perhaps due to 'leaky scanning' (20, 21 We note that in vitro translation of Myc-tagged Nlz1 (Myc:Nlz1; Fig. 4 ) yields a single protein of 90 kDa (Fig. 8B, lane 3) . This corresponds closely to the size of full-length Nlz1 plus the Myc tags, suggesting that introduction of Myc tags at the N-terminus prevents generation of the smaller form of Nlz1. This is likely due to the initiation codon contributed by the Myc tags being more similar to the consensus sequence for initiation codons (Kozak sequence (22-24)) than the translation start sites present in endogenous nlz1 and the nlz1 plasmid (not shown).
The two forms of Nlz1 have distinct activities
Since we detect two forms of Nlz1 in the embryo, we next examined if the two forms have the same activity. To this end we made use of the Nlz1D60N construct (Fig. 4) , which lacks the first 60 amino acids and encodes only the small form of Nlz1 (Fig. 8B, lane 4) , and compared it to Myc:Nlz1, which generates only the full-length form (Fig. 8B, lane 3) . We microinjected 400 pg mRNA encoding either construct into 1-to 2-cell-stage zebrafish embryos and assayed for defects in the hindbrain. We find that Nlz1D60N disrupts r3 gene expression (Fig. 8D , E: 49.3% of embryos) similarly to full-length Nlz1 (summarized in Fig. 4 and see Fig. 3C ). However, about half (46.6%) of the nlz1D60N-injected embryos (Fig. 8D, E ) also exhibit overlap in r4-and r5-specific gene expression with occasional lateral expansion of gene expression. We have previously demonstrated that expression of Nlz1 constructs lacking the corepressor binding site, or of an Nlz1 construct fused to the VP16 activation domain, also give rise to this phenotype ( (3) and see Fig. 8F ). VP16Nlz1 likely activates transcription of Nlz1 regulated genes directly, while Nlz1 constructs lacking the corepressor binding site appear to do so indirectly, by inhibiting repression mediated by wild type Nlz (3). Thus, the short form of Nlz1 retains the ability to disrupt gene expression in r3, but may also promote expression of Nlz1 regulated genes under some circumstances.
An N-terminal motif is important for Nlz1 function
Although the short form of Nlz1 (Nlz1D60N) induces the same phenotype as constructs that promote expression of Nlz1 regulated genes, its ability to bind corepressors is unaffected (Fig.   4 ). This suggests that the N-terminus of Nlz1 might contain a domain required for Nlz1 to repress transcription. To define such a domain we misexpressed constructs with N-terminal deletions in zebrafish embryos and assayed for changes in hindbrain gene expression (summarized in Fig. 4) . We find that removal of the Sp motif is sufficient to promote overlap in r4/r5 gene expression ( Fig. 8G ; 37.7% of nlz1D88-115 injected embryos affected), suggesting that this domain is required for Nlz1-mediated repression.
We note that truncations that remove the Sp motif (nlz1D88-115 and nlz1D115N) give rise primarily to overlap in r4/r5 gene expression (Fig. 4, 37 .7% and 41.9%, respectively). In contrast, truncations that remove domains close to the Sp motif (nlz1D60N and nlz1D116-234) not only promote overlap in r4/r5 gene expression (Fig. 4, 46 .6% and 46.2%, respectively), but also disrupt r3 gene expression (Fig. 4, 49 .3% and 32.2%, respectively). One exception may be Nlz1D116-384, but this construct represents a large deletion (~50% of the protein). We suggest that removal of adjacent sequences may partially interfere with the Sp motif to generate forms of Nlz1 that have both functions (albeit with reduced activity). Notably, the short form of Nlz1 is present in vivo and may modulate the expression of Nlz1 regulated genes in the embryo.
DISCUSSION
In this study we show that nlz2 and nlz1 share conserved domains, are co-expressed during hindbrain development and are both able to disrupt gene expression in the rostral hindbrain upon misexpression in zebrafish embryos. We use structure-function analysis to determine that nuclear localization of Nlz2 and Nlz1 is governed by their respective C-termini and that Nlz1 function is enhanced when residing in the nucleus. We find that Nlz1 associates with itself, as well as with Nlz2, although self-association does not appear to be essential for tested Nlz1 activities. We have previously shown that Nlz1 binds Groucho (3), but here we find that nlz1 is not always coexpressed with a groucho-related gene (grg3), and instead may associate directly with histone deacetylases in some regions of the embryo. Two forms of Nlz1, resulting from translation initiating at two distinct start sites in the nlz1 transcript, were detected in vivo. These forms possess distinct functions as a result of differential activity of the Sp1 domain, an N-terminal domain required for Nlz1 function. We conclude that nlz genes require several conserved domains to regulate development of the zebrafish hindbrain.
Nlz family zinc-finger proteins likely act as transcriptional repressors
We find that misexpression of nlz1 or nlz2 in zebrafish embryos results in loss of genes expressed in r2 and r3 of the hindbrain (Fig. 3C, D (3) ). Conversely, disruption of nlz function leads to expansion of r5 and, to a lesser extent, r3 gene expression, into r4 ( Fig. 8C-G)(3) .
Similarly, nocA and elbow mutant flies display expanded expression of tracheal-specific genes (4, 5) . Thus, the biological activities of elbow and nocA in the Drosophila trachea and of nlz1 and nlz2 in the zebrafish hindbrain are consistent with a role in repression of transcription, although it is not clear if this will hold true for all nlz subfamily genes since tlp-1 in C.elegans and nlzrelated genes in mouse and human have not yet been studied extensively.
Nlz family proteins also associate with corepressors. Elbow associates with Groucho (5) and both Nlz1 and Nlz2 bind Groucho as well as class I histone deacetylases ( (3) and Fig. 6C ).
These interactions appear to be essential since Nlz1 constructs unable to bind corepressors lack the activity of wild type Nlz1 and instead display dominant negative activity (3). Notably, a groucho-related gene (grg3) is expressed in the zebrafish rostral hindbrain (Fig. 6A,B) , while (5), TLP-1 (6), Nlz1 (3) and Nlz2 ( Fig. 5C ) localize to the nucleus. Additionally, we find that optimal Nlz1 function is dependent on nuclear localization. Collectively, this suggests that Nlz-related proteins repress transcription by recruiting corepressors.
We find that the putative C 2 H 2 zinc finger is important for Nlz1 function (Fig. 4) , but it is not clear if Nlz-related proteins bind to DNA since they contain only one such zinc finger while known DNA-binding proteins usually contain several (12) . The association of several Nlz-related proteins might provide a sufficient number of zinc fingers for DNA binding and we find that Nlz1 self-associates (Fig. 7A ) and also interacts with Nlz2 (Fig. 7B) . Similarly, Drosophila
Elbow self-associates and binds to NocA (5). However, our experiments suggest that selfassociation is not necessary for Nlz function (Fig. 4) and the C 2 H 2 finger of the Nlz-related proteins display differences relative to the consensus for DNA binding C 2 H 2 fingers. For instance, amino acids at positions -1, 3 and 6 of the consensus contact the primary DNA strand and position 2 contacts the complementary strand (25) , but only positions 2 and 3 are conserved in the Nlz-family. This suggests that the C 2 H 2 zinc finger of Nlz-related proteins does not bind DNA, although we cannot exclude the possibility that residues flanking the zinc-finger domain might be involved in DNA recognition (26, 27) . Instead we favor the possibility that the single zinc finger of Nlz-related proteins mediates protein-protein interactions, as reported for other C 2 H 2 zinc finger proteins (28) (29) (30) and that Nlz proteins are recruited to target genes by other DNA-bound factors.
Nlz proteins are broadly related to the Sp1 family of transcription factors
Sequence analysis suggests that nlz1 and nlz2 are distantly related to the Sp1 family of transcription factors. The vertebrate Sp1 family encodes transcription factors containing three C 2 H 2 fingers (31) and mouse knockouts have demonstrated that these genes are important for embryonic development (32) (33) (34) (35) . For instance, sp1 knock-out mice display retarded growth and severe abnormalities during development, correlating with the fact that Sp1 activates transcription of numerous genes (36) . Furthermore, the sp1-related gene sp4 is expressed in the central nervous system and mice lacking the conserved zinc-finger domains of Sp4 exhibit low postnatal survival rates, impaired growth and fertility defects (34) .
Interestingly, while Nlz-related proteins likely function as repressors, most Sp1-like proteins mediate activation of transcription. One exception is Sp3, which activates transcription in an in vitro assay (10, 37) , but also contains an inhibitory domain (amino acid triplet KEE) that silences its own glutamine-rich activation domain (37) . Other vertebrate Sp1-like genes include zebrafish Bts1 (buttonhead/Sp-related-1), which is involved in induction and early maintenance of pax2.1 expression at the MHB (38) and two Drosophila Sp1-related proteins (Buttonhead and D-Sp1) (39) (40) (41) . However, these genes do not contain regions homologous to the Sp motif and are more distantly related to the Nlz and Sp1 families (6) . XSPR-1, a novel Sp1-related protein in
Xenopus laevis, is expressed in the neuroectoderm (as well as the forebrain, otic vesicles and the MHB) during embryogenesis (42).
The vertebrate Sp1 family shares several conserved domains with the Nlz subfamily.
First, Sp1 proteins contain three C 2 H 2 zinc fingers, which bind GC/GT boxes widely distributed in promoters and enhancers (43) (44) (45) (46) (47) . Although Nlz-related proteins contain only one putative C 2 H 2 zinc finger, which may mediate protein-protein interactions, this domain is required for Nlz1 function (Fig. 4) . Second, the Buttonhead (Btd) box is present in all vertebrate Sp1-like proteins. Nlz-family proteins contain a domain that we originally identified as a putative zinc finger (3), but that actually resembles the Btd box. Deletion of this domain in Nlz1 (together with an adjacent region) reduces its affinity for the corepressors Groucho (3) and HDACs ( Fig. 5C) and instead elicits a dominant negative effect (3). Interestingly, deletion of a small region (24 or 31 amino acids, including the Btd box) immediately adjacent to the three zinc fingers in Sp1 results in a reduction of transcriptional activation (10, 48) . Third, Sp1-like factors have multiple serine/threonine-and glutamine-rich regions, which mediate transcriptional activation (14, 49) .
Although Nlz1 also exhibits multiple serine/threonine-rich regions (amino acids 112-137, 181-201, 244-289 and 425-445) and a glutamine-rich region (amino acids 203-227), we do not find a specific role for these domains (Fig. 4) . Lastly, the Sp motif is shared between the Sp1 and Nlz families (3, 6) . While deletion of the Sp motif (or adjacent regions) creates a form of Nlz1 that may lack repressor activity, deletion of N-terminal regions including the Sp domain does not significantly affect the transcriptional activity of Sp1 (48) . However, p74 specifically binds the N-terminus of Sp1 and inhibits Sp1-mediated transcription in vivo (50) , raising the possibility that Nlz1 function is also regulated by factors binding its N-terminus. Taken together, our a One-to two-cell-stage embryos were injected with 50 pg of hsp70GFP, hsp70nlz1 or hsp70nlz2 DNA, heat shocked at 70% epiboly for one hour at 37 o C, fixed at the 10-somite stage and analyzed by in situ hybridization for krox20 expression.
b Percent of embryos (with ectopic protein expression in the hindbrain) exhibiting loss of krox20 expression in r3.
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